acoustical impedance at the interface of the two media, i.e. between cardiac tissue and intracavitary blood. The amount of reflected energy will depend upon this difference in acoustical impedance and also upon the angle of incidence, so that maximum reflection will occur from an interface positioned at right angles to the ultrasonic waves.
In 1881, the Curie brothers discovered the piezoelectrical effect. A piezo-electric crystal when activated by an alternating electric field of appropriate frequency may generate a resonance in the crystal which will invoke mechanical vibrations which may then be transmitted as ultrasound waves. This same crystal may be used as a detector for reflected ultrasound waves, since the latter cause mechanical vibrations in the crystal which in turn generate electric charges suitable for recording. It is this reflected ultrasound technique which has become useful in diagnostic medicine. Its most useful clinical application outside of cardiology has been the detection of space-occupying lesions within the skull by locating shifts of a distinctive midline echo (Leksell, 1956; Jeppsson, 1961; Taylor, Newell, and Karvounis, 1961) . It has been evaluated as a possible adjunct in the diagnosis of abdominal cysts, solid tumours, and in the location and measurement of the fetal head in utero (Donald and Brown, 1961) . Experimentally it has been applied to the location of gall-stones and foreign bodies in dogs (Ludwig and Struthers, 1949) , to study tumours of the breast (Wild and Reid, 1952) , and to define soft tissue structures of the extremities, neck, liver, spleen, and kidneys (Holmes et al., 1955) .
In 1954, Edler and Hertz introduced this method for recording cardiac motion. In a beautiful series of studies, motion of the left atrial wall, interventricular septum, outflow tract of the left ventricle, mitral, and tricuspid valves was demonstrated (Edler and Gustafson, 1957; Edler et al., 1961) . A characteristic pattern for motion of the anterior leaflet of the mitral valve located about 6-8 cm. from the anterior chest wall with a range of motion of about 2 cm. in the anterior-posterior plane was evolved. This pattern of motion was consistently distorted in the presence of mitral stenosis. Subsequent confirmatory studies were forthcoming from Europe from Effert, Erkens, and GrosseBrockhoff (1957) , Effert et al. (1964) , Gassler and Samlert (1958) , Schmitt and Braun (1960) , and Wirth (1966) . In 1963, Joyner and Reid from Philadelphia published their first confirmatory report in the United States. Curiously, the technique has not gained wide acceptance in the United States despite the very substantial contributions it may provide in the assessment of mitral and tricuspid valve disease. The usefulness of ultrasound in the diagnosis of pericardial effusion is also now well established (Feigenbaum, Waldhausen, and Hyde, 1965; Soulen, Lapayowker, and Gimenez, 1966) , and its application in the study of prosthetic valvular function has been described (Winters, Gimenez, and Soloff, 1967; Gimenez et al., 1965 response to 1 megacycle per second may increase penetrating power in such patients, but the greater angle of divergence may adversely alter the ability to "focus" the ultrasound beam. Thus, the frequency 2-5 megacycle/sec. has been used exclusively in this study.
The transducer was placed in the third, fourth, or fifth left intercostal space 1-4 cm. lateral to the midsternal line with the patient supine, left lateral or right lateral oblique position. The transducer was directed generally in a posterior direction and slightly to the right. The tricuspid valve may on occasion be located with the transducer close to the midsternal line, but with the echo recorded considerably closer to the anterior chest wall. No discussion of tricuspid valve motion will be included in this presentation. This unit contains an electronic gate enabling the operator to select for direct recording a returning echo for some particular intracardiac structure, in this case the anterior leaflet of the mitral valve (Fig. 1) (Gorlin and Gorlin, 1951 
RESULTS
The echocardiogram of a normal mitral valve is depicted in Fig. 2 . This ultrasound signal is reflected from a normal adult mitral valve at a depth of 5 5 to 8 cm., with an anterior posterior motion range of from 2 5 to 4 0 cm. Motion of the ultrasound signal toward the top of the tracing represents motion of the anterior leaflet of the mitral valve as it opens toward the anterior chest wall. Conversely, downward motion represents closure of the anterior leaflet. In the normal mitral valve, two upward deflections are noted. The first, representing initial mitral valve opening, occurs on an average of 012 sec. after the second heart sound and initiates the period of rapid filling of the left ventricle. In Fig. 2 the mitral opening occurs 0 10 sec. after S2. This may be correlated on the apex cardiogram with the 0 point which coincides with peak mitral valve opening and is followed by the period of rapid ventricular filling. This peak opening on the ultrasound record is followed by a rapid descent during ventricular filling with flotation of the mitral valve toward its closed position. There follows a period of relatively little motion of the mitral valve during the slow filling phase of ventricular filling. The second upward deflection follows the P wave of the 790 l electrocardiogram and represents motion of the mitral valve away from the atrium during atrial contraction. This is followed by a rapid downward motion preceding the onset of ventricular contraction and represents the closing movements of the valve. This appears to occur following atrial systole and before isovolumetric contraction of the left ventricle. Closure of the mitral valve is coincident with the major deflections of S1. This A wave is absent in the presence of atrial fibrillation or if the P wave is engulfed by a premature nodal or ventricular beat. During ventricular contraction the baseline of the ultrasound tracing is pulled toward the anterior chest wall representing motion of the atrial ventricular ring toward the ventricular apex during systole. The descent of the ultrasound tracing after its maximum opening measured in mm./sec. varied from 65 to 210 mm./sec. in patients with normal mitral valves. The magnitude of this wave varied from 2 5 to 4 0 cm. The measurement of this slope during ventricular filling is the key to mobility of the anterior leaflet and deviations from this normal range indicate impaired function.
In mitral stenosis, the contour of the ultrasound tracing is significantly altered. Fusion of the commissures, fibrosis, and calcifications of the leaflets, and chorde fusion shortening, reduce the mobility of the mitral valve, thereby decreasing the slope and amplitude of the ultrasound signal following peak mitral valve opening. Fig. 3 illustrates the ultrasound recording of a patient with a tight mitral stenosis, a very slow slope, absence of the "a" wave normally seen in patients with sinus rhythm, and a much reduced total amplitude of excursion. In 35 patients with predominant mitral stenosis, the slope of the ultrasound recording was compared to mean pulmonary artery pressure, mean left atrial pressure, left atrial-left ventricular end-diastolic pressure gradient, and mitral valve area. No correlation between the first three parameters and the slope was found. However, the correlation between the calculated mitral valve area and the ultrasound slope is shown in Fig. 4 the severity of the stenosis was subsequently estimated at operation (Fig. 5) .
In 32 patients a similar correlation was found when relating the surgeon's estimate of the degree of stenosis with the ultrasound slope (Fig. 5) (Fig. 7) . The open circles, squares, and triangles represent studies in which the mitral orifice size was subsequently estimated by the surgeon. There is good correlation between cine estimation and surgeon's estimation.
In Fig. 8 of being unable to record the thickness of the interface surface. Joyner, Reid, and Bond (1963) and Segal, Likoff, and Kingsley (1966) Of considerable interest was the close relation between the degree of mitral valvular stenosis as estimated from cine-angiography when compared to the diastolic slope of the ultrasound tracing. The estimation of mitral valve narrowing and loss of valvular mobility from cine-angiography could be accurately predicted from the ultrasound tracing. It is recognized that estimation of orifice size from a single plane cine study is hazardous. The resulting correlation was a pleasant surprise, particularly when justified by the surgeon's subsequent estimate at operation.
Further, there is a general correlation between the amplitude of the ultrasound tracing and the degree of subvalvular chorda fusion as estimated by the surgeon. A wide range for all slopes exists, but generally the higher the amplitude, the less subvalvular fusion. It is interesting to note that five patients with low diastolic slopes exhibited nearly normal amplitudes. At operation, these patients were found to have tight valvular fusions with fairly well-preserved chordw structure. It is thus apparent in mitral stenosis with an impaired diastolic ultrasound slope that the amplitude of valvular motion may be restricted because of leaflet immobility and/or chordee shortening; or it may approach normal limits if the chorde system is intact. Low amplitude may also result from failure of the operator to locate and record the signal with the largest amplitude.
The ease of direct recording of the ultrasound signal provides a means to complement other graphic methods used in the evaluation of the cardiac patient. We have found its addition to the phonocardiogram and/or apex cardiogram helpful.
The measure of the corrected Q-1 minus 2-OS interval has been proposed to quantitate the degree of mitral stenosis (Wells, 1954) . A figure from 0 to + 7 indicates increasingly severe valvular stenosis. In many instances a relation is present, but in the presence of atrial fibrillation, the correction factor is an estimate at best resulting in occasional confusion as to the significance of a finding. Addition of the ultrasound study to phonocardiography may supply confirmatory evidence. In Fig. 12 excellent correlation is evident. The Q-1 minus 2-OS combination of + 5 suggests a very tight mitral stenosis, as does the ultrasound slope of 5 mm./sec. In patients who may be suspected of having mitral stenosis but in whom no murmur can be heard or recorded, an ultrasound study may quickly and easily settle the issue. In Fig. 13 is pictured the ultrasound curve of a 17-year-old boy with atrial fibrillation in whom a murmur of mitral stenosis was suspect. The slope of this tracing is normal (170 mm./sec.), as is the amplitude (29 mm.), before and after conversion to normal sinus rhythm by cardioversion.
The ultrasound technique offers a simple method for detecting mitral valve impairment associated with aortic valve disease, and particularly the clarification of a suspected Austin Flint murmur. This is illustrated in Fig. 14 . This 53-year-old man exhibited severe aortic insufficiency with an apical pansystolic murmur and an early apical diastolic rumble of uncertain significance. The ultra- sound tracing clearly identifies normal mitral valve mobility, thus eliminating structural mitral stenosis from consideration. Note the absence of the ultrasound "a" waves with the premature ventricular beat.
In the presence of mitral insufficiency, the ultrasound technique provides an atraumatic method of assessing the degree of mitral valve mobility. Many patients with mitral regurgitation will exhibit normal or faster than normal slopes. Benchimol et al. (1960) have described the characteristic abnormalities of this technique in the presence of mitral stenosis and regurgitation and combinations of both. In the presence of mitral stenosis or predominant mitral stenosis if regurgitation is also present, the characteristic finding was the absence of a rapid filling wave. It is easily 11 determined by ultrasound analysis whether this impairment to ventricular filling is the result of mitral stenosis. In Fig. 15 the absent rapid filling wave and decrease of the ultrasound slope point decidedly to mitral stenosis. The "a" wave of the ultrasound trace is visible but greatly reduced in amplitude.
Conversely, in the presence of a predominant mitral regurgitation, the apex cardiogram inscribes a normal or accentuated rapid filling wave. In Fig. 16 S34, A21; S17, A24 to S33, A26; S18, A23 to S67, A27; S14, A12 to S37, A25); and the last was a patient with mitral insufficiency (Fig. 18) 
